Objective: Psychosis, like other neuropsychiatric symptoms of dementia, has many features that make predictive modeling of its onset difficult. For example, psychosis onset is associated with both the absolute degree of cognitive impairment and the rate of cognitive decline. Moreover, psychotic symptoms, while more likely than not to persist over time within individuals, may remit and recur. To facilitate predictive modeling of psychosis for personalized clinical decision making, including evaluating the role of risk genes in its onset, we have developed a novel Bayesian model of the dual trajectories of cognition and psychosis symptoms. Methods: Cognition was modeled as a four-parameter logistic curve with random effects for all four parameters and possible covariates for the rate and time of fall. Psychosis was modeled as a continuoustime hidden Markov model with a latent never-psychotic class and states for pre-psychotic, actively psychotic and remitted psychosis. Covariates can affect the probability of being in the never-psychotic class. Covariates and the level of cognition can affect the transition rates for the hidden Markov model. Results: The model characteristics were confirmed using simulated data. Results from 434 AD patients show that a decline in cognition is associated with an increased rate of transition to the psychotic state. Conclusions: The model allows declining cognition as an input for psychosis prediction, while incorporating the full uncertainty of the interpolated cognition values. The techniques used can be used in future genetic studies of AD and are generalizable to the study of other neuropsychiatric symptoms in dementia.
Introduction
Alzheimer's disease (AD) is characterized by a progressive decline in cognition. We have previously published a Bayesian methodology for modeling the changes in cognition which realistically accounts for an initial period of stable cognition, subject-to-subject variability in trajectories, and available demographic and genetic covariates (Sweet et al., 2012) . Psychotic symptoms emerge during the course of cognitive decline in approximately half of AD patients, contributing to patient and family distress, and identifying a subgroup at risk for greater morbidity and mortality (Murray et al., 2014) . The risk for psychosis in AD is heritable, and its onset is influenced strongly by the preceding degree of cognitive decline (Murray et al., 2014) . Ultimately, identifying subjects at risk for psychosis during AD may allow the implementation of preventative non-pharmacologic and pharmacologic interventions (Geda et al., 2013) .
Thus the genesis of this paper is the desire to model individual psychosis symptom trajectories, including prediction of psychosis, both to enhance clinical prognosis and to increase the power to detect associations with genetic variations that increase the risk for these deleterious symptoms. We use the psychosis items on the Behavior Rating Scale for Dementia (BRSD) of the Consortium to Establish a Registry for Alzheimer's Disease (CERAD) to measure psychosis (Tariot et al., 1995) . This gives a discrete outcome over a wide scale. Clinical observations have indicated that small scores can occur in patients without psychosis, so a non-zero value is not a strong indication of psychosis (e.g. phenocopies). We would like to characterize patients into two main groups: never psychotic and psychotic. Although psychosis symptoms, once present, are largely persistent, some fluctuation occurs, so that the psychotic group is comprised of patients who experience both "active" periods of psychosis, with higher psychosis scores alternating with periods of lower scores, which we call "remission". In addition, the cognition score may influence the timing of the development of psychosis (Murray et al., 2014) . Finally demographic (Ropacki and Jeste, 2005) and genetic (DeMichele- covariates may affect both the chance of ever developing psychosis as well as the timing of the development of psychosis.
With all of these clinical observations in mind, we developed a dual trajectory approach that simultaneously models the decline in cognition and the pattern of psychosis symptoms. We model the decline in cognition across subjects over time using a four-parameter logistic curve with random effects to reflect individual differences in the shape of the cognition trajectories as well as including appropriate covariates (Sweet et al., 2012) that may affect the shapes of the individual curves. The observed psychosis symptoms are considered to be an overt manifestation of underlying latent (hidden) states. Based on the clinical information, the psychosis portion of our dual model includes the following latent states: a never-psychotic state, a pre-psychotic state, an active psychosis state, and a "remission" state (relatively asymptomatic, but occurring after at least one active psychosis period). This is implemented as a hidden Markov model (HMM), with transitions allowed from pre-psychotic to active psychosis, and between active and remission. The observed psychosis scores are modeled as following a Poisson distribution with the mean dependent on the latent state. The model allows demographic and genetic covariates to affect the probability of being in the never-psychotic state. In addition, demographic and genetic covariates as well as the concurrent cognition state may affect the transition rate from pre-psychotic to active psychosis.
This dual trajectory approach flexibly models many important clinical features of Alzheimer's disease while incorporating random effects to appropriately account for unmeasured individual characteristics. The most useful model outputs are estimates of the effects of covariates on being in the never-psychotic state, estimates of the effects of covariates on the transition to active psychosis, and prediction of future psychotic states of individual subjects.
Data and modeling framework
All subjects participated in the University of Pittsburgh Alzheimer Disease Research Center (ADRC), using a protocol approved by the University of Pittsburgh Institutional Review Board. All subjects were assessed at baseline with standardized neurological, neuropsychological, psychiatric evaluations, cognitive testing, laboratory studies, and brain imaging as previously described (Becker et al., 1994; Lopez et al., 1997; Sweet et al., 1998; Wilcosz et al., 2006) . Subjects diagnosed with Possible or Probable AD (McKhann et al., 1984; Lopez et al., 2000a; Lopez et al., 2000b) or MCI (Lopez et al., 2003) without psychosis at baseline were included in the analyses.
All subjects underwent a neuropsychological battery assessing global cognitive functioning that included the Mini-Mental State Exam (MMSE) (Folstein et al., 1975) . Neurological evaluation, cognitive testing, and diagnostic re-evaluation were conducted on an annual basis. Subjects were followed longitudinally until study completion, loss to followup, or until the subject became too impaired to return to clinic for assessments. Psychosis was assessed using the CERAD BRSD, administered at baseline and annual assessments, and between assessments at approximately six month intervals via telephone, an approach yielding excellent reliability of psychosis ratings (Weamer et al., 2009) .
There were 434 subjects with at least two MMSE observations for cognition and at least two CERAD BRSD observations for psychosis. We scored psychosis as the total number of symptoms observed for at least 3 days in the past month. The range is 0 to 11 with a mean of 0.24 and 86% of the scores are zero. The mean number of MMSE observations is 3.56, and the mean number of psychosis observations is 6.89.
Thirty-nine percent of the subjects are male, 51% have greater than a high school education, and 7% are African American.
Modeling is carried out in the Bayesian framework using open source software. Key parameters indicate the log odds of never becoming psychotic (λ), the transition rate from pre-psychotic to active psychosis (α), and transition rates from active to remission and the reverse (β and γ). In addition there are parameters for the effects of covariates on these rates, with special interest in the effect of cognition on the pre-psychotic to active transition (ρ). Additional modeling details may be found in the appendix.
Simulation results
We first evaluated the methodology using simulated data. The simulations were based on generating scores for cognition and psychosis with characteristics similar to that of the Alzheimer's subjects but using a variety of patterns of arbitrarily chosen parameter values. This includes simulated data sets with both zero and nonzero values of the "ρ" parameter, which represents the effect of the level of the cognition score on the rate of transition to active psychosis. The simulated data sets each contained 500 subjects with covariates similar to the clinical subjects. The ability to recover the true parameter values in the analysis results is one good way to validate the model.
Results are provided for ten simulated datasets. Rather than duplicating our previous work on cognition, we report here only on the psychosis portion of the model.
To begin the evaluation of the simulations, we made plots for individual subjects showing the observed psychosis scores, the true values of the states, and the posterior probability distributions of the states. An example plot for one subject is shown in Figure 1 , which displays the observed MMSE scores with the 95% posterior interval, the observed psychosis scores, the posterior distributions of the latent states (where "N" = not psychotic (pre-plus never), "P" is actively psychotic, and "R" is remission), as well as the true latent states for the simulated data.
These plots qualitatively demonstrate that the model performs appropriately in several ways. For subjects truly assigned to never being psychotic, there is always some probability assigned to the chance that they will become psychotic in the future, and the longer they are observed, the less the chance that they will ever become psychotic. For subjects who are truly assigned to eventually becoming psychotic, those whose true state is pre-psychotic for the duration of the observation period show a moderate chance of being never psychotic, particularly when the observation period is long. For subjects who truly become psychotic during the observation period, the posterior probability of being never psychotic is near zero, and the probability distributions of the three states at each observation period are as expected: nearly 100% pre-psychotic initially; most of the probability on active psychosis during the first period of psychosis; and a mixed distribution of active and remission after the first psychosis with near 100% probability of active for the highest psychosis scores, and near 100% chance of remission for those with the lowest scores Quantitatively, we examine the 95% posterior intervals for a variety of simulations. Table 1 shows the coverage of the 95% posterior intervals broken down by model section: parameters for modeling the effects of cognition and demographic covariates of the rate of transition from pre-psychotic to active psychosis (α), parameters for modeling the transition from active psychosis to latent and vice versa (β and γ), and parameters for modeling effects of covariates on the log of the odds of the never-psychotic state. The appropriate coverage of the true parameter values by the posterior intervals is a good confirmation of the model. Additional simulations show that the model behaves appropriately when misspecified, e.g. showing a posterior interval equal to zero when an effect is not included in the simulation. We also validated the appropriateness of the Poisson distribution for the psychosis scores.
To evaluate prediction, models were run after replacing the last cognition and psychosis scores with missing values. For simplicity, we made the timing of the missing values exactly 0.5, 1, or 2 years after the last observed values. To evaluate the effectiveness of individual predictions, groups were formed of observations with similar predicted state probabilities, and the observed state distributions were compared to the true state distributions for those observations. This was performed for probability of being a neverpsychotic subject, probability of being in active psychosis, and probability of being in either the psychotic or latent states. Ninety-five percent confidence intervals based on the binomial distribution are computed to aid in evaluation of the match between expected and observed probability. None of these analyses have more than a single group outside of the 95% confidence interval for the desired probability, implying accurate predictions intervals.
Results on patients with Alzheimer's disease
We ran the model on our Alzheimer subjects, and the results are shown in Table 2 . The intercept for the log of alpha refers to the log of the rate of transition from pre-psychotic to psychotic for a subject with the maximum cognition level and baseline values of the covariates (female, no higher education, and white race). To better explain the estimate, we compute the expected percentage of subjects who leave the pre-psychotic state after one year (Norris, 1997) before observing a drop in cognition. This is estimated to be 3.17% (95% posterior interval = [1. 92, 5.38] ). None of the coefficients for the demographic covariates show evidence of an effect on the rate of transition to psychosis, but cognition does have an effect. The estimate of the expected percentage of subjects who leave the pre-psychotic state after one year for a baseline subject with, say, a 40% drop in cognition (based on the estimate of ρ) is 19.0% [13.6, 26 .1].
The β and γ parameters (see appendix for more details) can be used to estimate the percentage of the time that subjects spend in the active psychosis state once they leave the pre-psychotic state. The estimate is 20.6% [7.8, 37 .1].
We can express the results for the never-psychotic parameters as the percentage of subjects who are expected to never become psychotic. For the baseline group, this is 16. 7% [6.6, 32.2] . For those with higher education, e.g. this estimate is 10.3% [1.6, 39.8], and the large amount of overlap with the baseline group is because of the fact that zero is well inside the 95% posterior interval for the higher education parameter. The latter negative result also applies to race and gender.
Our model uses probability distributions of psychosis scores rather than hard cutoffs to distinguish the psychosis states. As is clinically expected, the Poisson posterior mean for the pre-psychotic state is very low, and it shows that such subjects in that state have a 97.1% probability of a zero psychosis score, a 2.8% probability of a one, and a very small probability of higher scores. In the active state we find 95% of psychosis scores between zero and six with 8.5% zeroes and 21.0% ones. The remission state corresponds to percentages for scores 0 to 3 equal to 45.0, 35.9, 14.4 , and 3.8% respectively. The overlaps among the possible psychosis scores for these latent states imply that a clear definition of psychosis state based on psychosis scores is not ideal, and a probabilistic, modelbased definition will perform better.
Discussion
The custom Bayesian model described here allows us to model the complex trajectory of psychosis symptomatology in Alzheimer's disease. It provides for realistic clinical features including a hidden state that never transitions to psychosis, the transition to psychosis with alternative periods of symptom remission, the effect of cognition on psychosis, and the effects of covariates, such as demographics. Moreover, the model allows for the introduction of other covariates, such as genetic variants, to influence psychosis risk via effects on the chance of being in the never-psychotic state and on the rate of transition to psychosis. Our model is based on freely available software and is easily adapted to other measures of cognition and/or psychosis as well as choice of covariates. In terms of learning about psychosis in Alzheimer's disease, our findings lead to several conclusions. Because of the apparent overlap in possible psychosis scores among the different clinically apparent latent states, a fixed definition of psychosis based on observed psychosis scores is not realistic, and our trajectory-based latent class modeling framework is needed to assign probability distributions for the states at any moment in time. In addition we have estimated the proportion of subjects who are likely to never become psychotic, and can assign probabilities of being in this class to individual subjects based on the observed data to date. We have also tested the effects of available demographics and cognition on psychosis. None of our demographics show an effect on the probability of being never psychotic, nor on the mean time spent in the pre-psychotic state before transition to psychosis. Lower cognition scores are strongly associated with a more rapid transition to psychosis. These observations comport well with existing data on the relationship of these variables to the presence of psychosis (Murray et al., 2014) .
Currently, no genetic variants have been definitively associated with the risk of psychosis in AD (Murray et al., 2014) . However, this model can be readily used to evaluate either strong individual genetic factors associated with psychosis in AD or a composite psychosis score that reflects the combined effects of multiple genetic markers. This will allow us to determine whether these genetic effects on psychosis risk are mediated by their effects on cognitive trajectory, or whether they directly impact the likelihood of the never psychosis state or the rate of conversion to psychosis. In addition, with sufficiently strong demographic and genetic inputs, this Bayesian model is capable of making useful predictions about individual subjects, e.g. the probability of transitioning to psychosis at a particular future time-a form of personalized medicine.
The statistical contributions of this paper include demonstration of incorporating an isolated state (never psychotic) into a HMM using JAGS with its msm module, and demonstration of the use of dual trajectory modeling to fully incorporate the uncertainty of one trajectory as an input to another trajectory. The Bayesian model is ideal for prediction, as demonstrated with simulated data. It is easy to demonstrate that the four-parameter-logistic model for cognition appropriately increases the uncertainty as we predict farther into the future, and therefore using a single Bayesian model that incorporates both the cognition trajectory and the hidden Markov model for psychosis is able to account for the uncertainty appropriately for predictions. This would not be true, e.g. for a two stage model where cognition is fit with one model, and the predicted values are used as input for the psychosis model.
Potential future work includes adding covariates to the beta and gamma components to the model to see if any affect the time spent in active psychosis vs. remission, but this will probably require larger number of subjects who transition to psychosis. We would also like to investigate the effects of anti-psychotic and anti-dementia medications on the rate parameters of the HMM, and these time varying covariates will be well represented by a step function. Finally, we would like to investigate other measures of psychosis, e.g. incorporating frequency and count of symptoms instead of just count.
